The morphogen gradient of Wingless, a Wnt family member protein, provides positional information to cells in Drosophila imaginal discs. Elucidating the mechanism that precisely restricts the expression domain of wingless is important in understanding the two-dimensional patterning by secreted proteins in imaginal discs. In the pouch region of the wing disc, wingless is induced at the dorsal/ventral compartment boundary by Notch signaling in a compartment-dependent manner. In the notum region of the wing disc, wingless is also expressed across the dorsal/ventral axis, however, regulation of notal wingless expression is not fully understood. Here, we show that notal wingless expression is established through the function of Pannier, U-shaped and Wingless signaling itself. Initial wingless induction is regulated by two transcription factors, Pannier and U-shaped. At a later stage, wingless expression expands ventrally from the pannier expression domain by a Wingless signaling-dependent mechanism. Interestingly, expression of pannier and u-shaped is regulated by Decapentaplegic signaling that provides the positional information along the anterior/posterior axis, in a concentration-dependent manner. This suggests that the Decapentaplegic morphogen gradient is utilized not only for anterior/posterior patterning but also contributes to dorsal/ventral patterning through the induction of pannier, u-shaped and wingless during Drosophila notum development. q
Introduction
During animal development, cells must recognize their positions in developmental ®elds to accomplish precise body patterning. Drosophila Wingless (Wg) protein, a cell±cell signaling molecule of the Wnt family, provides positional information to cells in various developing tissues, including imaginal discs (Zecca et al., 1996; Cadigan and Nusse, 1997; Neumann and Cohen, 1997) . Expression of wg is restricted to a speci®c region of the imaginal disc, and secreted Wg proteins establish the morphogen gradient in the imaginal disc. The morphogen gradient of Wg provides the positional information to cells in a dose-dependent manner (Zecca et al., 1996; Neumann and Cohen, 1997) . Therefore, elucidating the mechanism that precisely restricts the expression domain of wg is important in order to understand the two-dimensional patterning by secreted proteins in imaginal discs. Several reports about the mechanisms directing the induction of wg in wing and leg imaginal discs suggest that wg can be induced in various ways. In the leg disc, wg is induced by Hedgehog (Hh) signaling in the ventral regions abutting the anterior/posterior (A/P) compartment boundary Jiang and Struhl, 1996; Penton and Hoffmann, 1996) . In the pouch region of the wing disc, which forms the adult wing blade at a later stage, wg is induced at the dorsal/ventral (D/ V) compartment boundary by Notch signaling (Couso et al., 1995; Diaz-Benjumea and Cohen, 1995; Rulifson and Blair, 1995; de Celis et al., 1996) . In contrast, the mechanism that induces wg expression in the notum region of the wing disc, which forms the dorsal mesothorax of the adult¯y, is poorly understood.
There are several reports about genes which affect notal wg expression. One of these genes is pannier (pnr). pnr encodes a GATA family transcription factor, whose function has been mainly analyzed in the process of external sensory organ formation on the notum (Ramain et al., 1993) . pnr is expressed in the dorsal half of the presumptive notum, and is necessary for the formation of dorsocentral mechanosensory bristles which are formed in the pnr expression domain (Garcia-Garcia et al., 1999; . Calleja et al. reported that the wg expression domain in the presumptive notum is signi®cantly altered in some allelic combinations of pnr . Another gene that affects notal wg expression is u-shaped (ush) Haenlin et al., 1997) . ush encodes a protein belonging to the friend of GATA-1 (FOG-1) family protein, which modulates the transcriptional activity of GATA-1 (Fox et al., 1999) . ush is expressed in the hinge region and in dorsal-most region of the presumptive notum largely overlapping the area of expression of pnr . It has previously been reported that Ush directly binds to Pnr in vitro and in yeast. Also, Ush inhibits the transactivation of a-globin promoter sequences by Pnr in cultured cells . Loss of function of ush results in the opposite phenotype observed in the loss-of-function pnr mutants . Thus, Ush seems to directly inhibit the Pnr function in sensory organ development. These ®nd-ings indicate the possibility that Ush also modulates Pnr function in the regulation of notal wg expression. Recently, Garcia-Garcia et al. (1999) reported that Pnr and Ush regulate the wg expression in the presumptive notum.
One more factor that would be involved in the regulation of notal wg expression is a member of the Transforming growth factor-b (TGF-b ) family of proteins, Decapentaplegic (Dpp). dpp is expressed at the A/P compartment boundary in the wing disc (Basler and Struhl, 1994; Tabata and Kornberg, 1994) , and secreted Dpp protein provides the positional information along the A/P axis to wing disc cells (Lecuit et al., 1996; Nellen et al., 1996) . We have previously reported that the wg expression domain expands dorsally in punt (put, encodes a Dpp type-II receptor) mutant discs (Tomoyasu et al., 1998) . Moreover, overexpression of the constitutively activated form of Thick veins (Tkv, encodes a Dpp type-I receptor) represses notal wg expression (Tomoyasu et al., 1998) . Sato et al. (1999) also reported the involvement of Dpp in the regulation of notal wg expression. These ®ndings strongly suggest that Dpp is another key player in regulation of the notal wg expression.
Here we tried to reveal a regulatory network of Pnr, Ush and Dpp signaling in the regulation of notal wg expression. Analysis of wg expression in wild-type and several allelic combinations of pnr mutants revealed that Pnr has two opposing roles, induction and repression, in the regulation of the wg expression. We also revealed that notal wg expression is affected by Wg signaling itself. Finally, we found that both pnr and ush expression is positively regulated by Dpp signaling in the presumptive notum. These results indicate that Dpp signaling establishes the notal wg stripe through the induction of pnr and ush. We will also discuss the mechanisms for establishing the two-dimensional coordinates by Wg and Dpp in the presumptive notum. After submission of the ®rst version of this article, a paper describing the regulation of notal wg expression by Dpp through the induction of pnr and ush was published (Sato and Saigo, 2000) . Our studies complement and extend their ®ndings.
Results
2.1. The wg, pnr expression domain in the wild-type presumptive notum
In the adult notum, pnr and wg are expressed in stripes in an almost complementary manner (Simpson, 1996) (Fig.  1E,F) . In order to know the precise positioning of the wg and pnr expression domains throughout wing disc development, we visualized the wg and pnr expression domain in the discs of late second to late third larval stages by antiWg antibody and GFP expression driven by pnr md237 , respectively. GFP expression driven by pnr md237 is ®rst detected around the dorsal region of the presumptive notum in late second larval stage wing disc (Fig. 1A) . Wg protein is not detected in the presumptive notum at this stage (Fig. 1A-ii) . Wg is initially detected in the pnr domain at the early third larval stage (Fig. 1B-ii) . The pnr domain expands anteriorly (Fig. 1C ) and occupies the entire dorsal presumptive notum (Fig. 1D ). In the mid to late third larval stage, some of the wg region expand ventrally from the pnr domain (Fig. 1D ).
Pnr has two opposing roles in the regulation of wg expression
To investigate the Pnr function in the regulation of notal wg expression, we analyzed wg expression in some allelic combinations of pnr alleles and in homozygous mutant clones of several pnr mutants. One of the major problems in analyzing Pnr function is the complexity of pnr alleles. To avoid this problem, we ®rst focused only on loss-offunction alleles, pnr md237 , pnr VX6 and a de®ciency line of the pnr locus, Df (3R)sbd45. The pnr md237 is a P-element insertion line presumably resulting in reduced pnr gene expression . The pnr VX6 that encodes only nine amino acids of the N-terminal side of wild-type Pnr protein (designated Pnr 1 ) is an amorphic allele (Ramain et al., 1993) . Hence, the amount of Pnr 1 protein seems to be greatly reduced in both pnr md237 /Df (3R)sbd45 and pnr md237 /pnr VX6 discs. In pnr md237 homozygous discs, notal wg stripe seems to shift dorsally in the presumptive notum ( Fig. 2A) . In both pnr md237 /Df (3R)sbd45 and pnr md237 /pnr VX6 discs, wg is ectopically expressed on the dorsal side of the presumptive notum (Fig. 2B,C) . These results suggest that Pnr represses wg expression on the dorsal side of the presumptive notum. We also monitored the pnr expression domain by GFP expression of pnr md237 UAS-gfp in the same discs. Interestingly, the wg expression domain in both pnr md237 /Df(3R)sbd45 and pnr md237 /pnr VX6 discs is restricted to the more dorsal side of the presumptive notum than that of wild-type, and is completely abolished around the ventral edge of the pnr expression domain where wg is expressed in wild-type (compare Fig. 2B ,C with Fig. 1D ). This suggests that Pnr induces wg expression around the ventral edge of the pnr expression domain in the wild-type presumptive notum. In both pnr VX6 / pnr md237 and Df(3R)sbd45/pnr md237 discs, there still might be some contribution of the Pnr 1 protein from the pnr md237 chromosome. However, mosaic analysis of pnr VX6 clones revealed that these phenotypes are almost identical to the pnr complete loss-of-function phenotypes. In the pnr VX6 clone located on the dorsal side of the wild-type wg expression domain, wg is cell autonomously induced (Fig. 2D) . In contrast, wg expression is repressed in the pnr VX6 clones located in the wild-type wg expression domain (Fig. 2D) . These results suggest that Pnr has two opposing roles in notal wg expression. One is to repress wg expression on the dorsal side of the presumptive notum (repressor function), and the other is to induce wg expression around the ventral edge of the pnr expression domain (activator function). In addition, in the pnr md237 homozygous disc, the wg expression domain appears simply to be shifted dorsally ( Fig.  2A) . However, this dorsal shift could be explained by the lower level of Pnr activator function and partial loss-ofrepressor-function in the regulation of notal wg expression. (Ramain et al., 1993; Haenlin et al., 1997) . pnr VX1 encodes truncated type of Pnr proteins that lack the C-terminal activation domain, and the Pnr VX1 protein seems to have a dominant negative effect on Pnr 1 in bristle formation (Ramain et al., 1993) . In pnr VX1 /pnr md237 discs, wg expression is reduced or sometimes completely abolished (Fig.  2E) . In pnr VX1 homozygous clones located in the wild-type wg expression domain, wg is not expressed in the same way as in pnr VX6 clones (Fig. 2F ). However, in contrast to the pnr VX6 clone, wg is never ectopically expressed in the pnr
VX1
clones located on the dorsal side of the presumptive notum (Fig. 2F) . Reduction of notal wg expression in pnr md237 / pnr VX1 discs or pnr VX1 clones indicates that Pnr VX1 protein has lost the activator function in the regulation of wg expression. However, Pnr VX1 protein still seems to possess the repressor function, because wg expression is still repressed on the dorsal side of the presumptive notum.
The pnr D1 is associated with a point mutation resulting in protein with single amino acid change in the N-terminal zinc Fig. 1 . The temporal and spatial relationship between wg and pnr expression in the wild-type wing disc. wg and pnr expression domains are monitored by antiWg antibody (A±D) or lacZ expression of wg 17en40 (F) and GFP expression driven by pnr md237 , respectively. wg (red in (A±C-i) and separated images in (A±C-ii)) and pnr (green and (A±C-iii)) domains at the late second (A), early third (B), mid third (C) and late third (D) larval stages. wg (red) is initially induced only within the pnr expression domain in the early third larval stage (B; indicated by an arrow in (B-ii)). wg expression expands ventrally from the pnr domain in the mid to late third larval stage (C,D; expanded wg expression is indicated by an arrowhead in (D)). It is also worth noting that pnr induction seems to initiate from the posterior side of the presumptive notum and expands anteriorly in the later stages (A±D). pnr (E) and wg (F) expression domains in the adult stage. Two large bristles (aDC; anterior dorsocentral bristles and pDC; posterior dorsocentral bristles) are marked with arrows. pnr and wg are expressed in a nearly complementary pattern. All discs are shown with anterior left and dorsal up. Bars: 50 mm (A±D); 250 mm (E,F). ) and pnr (green) expression in pnr md237 homozygous (A), Df(3R)sbd45/pnr md237 (B) and pnr VX6 /pnr md237 (C) discs. wg is ectopically expressed in the dorsal side of the presumptive notum (A±C, indicated by arrows), and is lost around the ventral edge of the pnr expression domain (A±C, indicated by arrowheads. Compare with Fig. 1D ). wg expression in pnr VX6 clones (D). Endogenous wg (red) is reduced in pnr VX6 clones located in the wg expression domain (absence of green, indicated by an arrowhead), however, wg is ectopically expressed in pnr VX6 clones located in the dorsal side of the presumptive notum (indicated by an arrow). Note that not all clones located in the dorsal side of the presumptive notum express wg, suggesting the existence of local speci®c effects. wg (red) and pnr (green) expression in pnr VX1 /pnr md237 disc (E). Almost all notal wg expression is abolished. Weak wg expression is observed in the dorsal side of the presumptive notum (E, indicated by an arrow). wg (red) expression is lost or strongly reduced in pnr VX1 clones located in the endogenous wg domain (absence of green, indicated by an arrowhead in (F)). wg is not ectopically expressed in pnr VX1 clones located in the dorsal side of the presumptive notum (indicated by an arrow in (F)). wg (red) and pnr (green) expression in pnr D1 /pnr md237 disc (G). wg expression domain expands dorsally (indicated by an arrow). Endogenous wg (red) is still expressed in pnr D1 clones located in the wg expression domain (absence of green, indicated by an arrowhead in (H)), and is ectopically expressed in pnr D1 clones located on the dorsal side of the presumptive notum (indicated by an arrow in (H)). All discs are shown with anterior left and dorsal up. Mutant clones were induced at 50 h BPF (D,F,H). Bars: 50 mm.
®nger, that interacts with Ush . A previous report showed that Ush cannot interact with pnr D1 in vitro and in yeast, and fails to repress the transactivation of the a -globin promoter by Pnr D1 in CEF cells /pnr md237 or pnr VX1 clones. The pnr D1 mutation has no effect on wg expression in the normal wg expression domain and ectopically induces wg on the dorsal side of the presumptive notum (Fig. 2G,H) . Thus, Pnr D1 protein seems to lack the repressor function but still maintains the activator function in the regulation of notal wg expression.
Taking these results and Galcia-Galcia's previous report together, both pnr VX1 and pnr D1 lose one of two Pnr 1 functions. So, pnr VX1 is a loss-of-activator-function allele, while pnr D1 is a loss-of-repressor-function allele.
Pnr±Ush complex represses wg expression on the dorsal side of the presumptive notum
The lack of the repressor function of Pnr D1 protein suggests that the interaction between Pnr and Ush is necessary for repressing wg expression on the dorsal side of the presumptive notum. ush mRNA is expressed in the dorsalmost region of the presumptive notum, and does not overlap with the wg domain (Fig. 3A) . In contrast, pnr mRNA is expressed on the dorsal side of the presumptive notum, slightly overlapping the wg domain (Fig. 3B) . Hence, wg expression seems to be repressed by the Pnr±Ush complex in the region where both pnr and ush are expressed, and to be induced by Pnr in the region where only pnr is expressed. This hypothesis is con®rmed by the ectopic ush expression. When exogenous ush is induced in the pnr expressing region, notal wg expression is completely repressed (Fig.  3C ). This result and previous reports indicate that Ush is also involved in the regulation of notal wg expression, and the binding of Ush to Pnr could switch the activator function of Pnr to a repressor function. In addition, the ability of Pnr VXI protein to repress wg expression indicates that the C-terminal activator domain is not necessary for the repressor function of the Pnr±Ush complex.
Wg signaling also participates in the establishment of notal wg expression
Because some of the wg expressing region expand ventrally from the pnr expression domain at the late third larval stage, other factor(s) positively regulating notal wg expression should exist. We found that ventral expansion of the wg expression from the pnr expression domain does not occur in one of the Wg signaling mutants, disheveled (dsh). In dsh va153 (a strong hypomorphic allele (Theisen et al., 1994) ) hemizygous discs, wg is expressed only in a narrow stripe located in or just adjacent to the ventral side in the pnr expression region (Fig. 4A ). This phenotype is also observed in a wg temperature-sensitive mutant (in wg   1±12 ). The notal wg expression domain in wg 1±12 homozygous¯ies (van den Heuvel et al., 1993) shifted to non-permissive temperature at 50 h before puparium formation (BPF) became narrower than that of the wild-type (Fig. 4B,C) . These results indicate that Wg signaling participates in the ventral expansion of the wg expression from the pnr expression domain at the late third larval stage.
There are at least two possible explanations for the ventral expansion of wg expression from the pnr expression domain. The ®rst is that wg expression expands ventrally by a self-inducing mechanism, and the second is that the pnrexpressing region retreats dorsally in later stage and Wg signaling maintains wg expression itself in pnr non-expressing cells. To examine these possibilities, we used the lineage tagging method to monitor whether the cells at the ventral side of the wg expression domain, where pnr is not expressed in late third larval stage, have expressed pnr at an early stage (Weigmann and Cohen, 1999) . The region of cells that have expressed Gal4 derived from pnr md237 is restricted more dorsally than the region of cells that express Gal4 in late third larval stage (Fig. 4D ). This result indicates that the pnr expression domain does not retreat but appears Fig. 3 . Spatial relationship between wg and ush/pnr expression domains in the wild-type wing disc (A,B). ush is expressed in the dorsal-most region (green in (A)). wg expression domain (red) does not overlap with the ush expression domain. The pnr expression domain (green in (B)) slightly overlaps the wg expression domain (red in (B)). Overexpression of Ush by a pnr-Gal4 driver (pnr md237 ) represses wg expression (C). wg expression is monitored by anti-Wg antibody. pnr and ush mRNA are detected by DIG-labeled antisense RNA probes. All discs are shown with anterior left and dorsal up. Bars: 50 mm.
to expand toward the ventral region during wing disc development, suggesting that the second explanation is not appropriate. Thus, notal wg expression is initiated on the ventral side in the pnr expression domain by a Wg signaling-independent mechanism and expands ventrally from the pnr expression domain by a Wg signaling-dependent mechanism.
We also monitored wg expression in d-axin mutant clones. d-axin encodes a negative regulator of Wg signaling and Wg signaling is constitutively activated in d-axin S044230 homozygous cells (Hamada et al., 1999) . In the d-axin S044230 clones located in the ventral side to the normal wg stripe, wg is ectopically expressed (Fig. 4E) strongly suggest that the activity of Wg signaling is required for the ventral expansion of the notal wg expression.
ush expression is positively regulated by Dpp signaling
The notal wg expression domain is determined by Pnr, Ush and Wg signaling itself. The next question is: what regulates the expression of pnr and ush in the presumptive notum? We previously reported that Dpp signaling restricts wg expression in the presumptive notum. Overexpression of the constitutively active form of the type-I Dpp receptor (Tkv*) by the pnr md237 Gal4 driver repressed wg expression (Fig. 5B) (Tomoyasu et al., 1998) . This phenotype is similar to the phenotype of overexpression of Ush by the same Gal4 driver. Furthermore, pnr D1 suppressed the repression of notal wg expression by Dpp signaling (Fig. 5C) . pnr D1 encodes a protein that lacks the ability to interact with Ush, and Pnr D1 protein behaves as an activator in the regulation of notal wg expression even in the presence of Ush (Fig.  2G,H) . Hence, pnr D1 seems to behave as the ush loss-of- function mutants. These data indicate that the restriction of wg expression by Dpp signaling in the presumptive notum requires Ush, suggesting in turn that ush expression might be regulated by Dpp signaling.
To con®rm this possibility, we examined ush expression in temperature-sensitive allelic combination of punt (put), which encodes a type-II Dpp receptor (Letsou et al., 1995; Ruberte et al., 1995) . Under non-permissive conditions, ush expression is strongly reduced in put-ts discs (Fig. 5D,E) . Overexpression of Daughter against dpp (Dad) (Tsuneizumi et al., 1997) , a negative regulator of Dpp signaling, also represses ush expression (Fig. 5F ). Thus, ush expression is positively regulated by Dpp signaling in the presumptive notum.
pnr expression is also regulated by Dpp signaling
In contrast to ush, pnr expression is still observed even in the put-ts discs (Fig. 6A,B) . However, in tkv a12 clones, pnr expression is signi®cantly reduced in a cell autonomous manner (Fig. 6D,F) . Reduction of pnr expression is more severe in tkv a12 clones located far from the Dpp source (Fig.   6D ,F, indicated with arrows) than in the clones located near the Dpp source (Fig. 6D ,F, indicated with an arrowhead). It would be possible that the tkv a12 cells respond to Dpp signaling by means of the existence of another Dpp type-I receptor, Saxophone (Brummel et al., 1994; Nellen et al., 1994; Penton et al., 1994) . Therefore, tkv a12 mutant clones located near the Dpp source can still receive some levels of Dpp signals, and cause weak expression of par. These ®ndings indicate that Dpp signaling controls pnr expression in the presumptive notum.
The results from put-ts showing pnr expression is not altered seems to contradict the results with tkv a12 clones; however, this could be explained by the difference in remaining Dpp signal level between tkv a12 homozygous cells and put-ts cells. tkv a12 cells located in the wing pouch region where the Dpp signal is necessary for cell proliferation do not proliferate . In contrast, put-ts cells in the pouch region proliferate and form some wing blade tissues in the pharate adult stage (Fig.  6B and unpublished data) . Thus, Dpp signal levels in put-ts cells should be higher than those in tkv a12 homozygous cells. The level of Dpp signal in the put-ts disc seems to suf®cient Fig. 5 . Epistatic relationship between dpp and ush. The wg expression domain expands dorsally in pnr D1 /pnr md237 discs (A). Overexpression of the activated Dpp receptor (Tkv*) by pnr md237 represses wg expression (B), but fails to repress in pnr D1 /pnr md237 discs (C). ush expression in the wild-type (D), put-ts (shifted to the non-permissive condition at 72 h BPF) (E) and UAS-dad/tsh-Gal4 (a ubiquitous Gal4 driver in the notum) (F). ush expression in the dorsalmost region is strongly reduced in both discs (indicated by arrows). ush expression in the hinge region is not affected (indicated by arrowheads in (D,E)). All discs are shown with anterior left and dorsal up. wg mRNA expression is detected with a DIG-labeled antisense RNA probe. Bars: 50 mm.
to induce pnr but insuf®cient to induce ush. In contrast, the Dpp signal level in tkv a12 cells may be insuf®cient to induce both pnr and ush. Taken together, these results indicate that the expression of pnr is also regulated by Dpp signaling, and that different thresholds are set for the induction of pnr and for ush: high levels of Dpp signaling are necessary for inducing ush but low levels are suf®cient to induce pnr.
Ectopic induction of pnr and ush by Tkv*
The analysis of pnr and ush expression in the loss-offunction mutants for Dpp signaling indicates that Dpp signaling is a required factor for pnr and ush expression in the presumptive notum. However, this relationship is somewhat paradoxical, because the Dpp that provides the positional information along the A/P axis regulates the pnr, ush, and wg that provide the D/V information in the presumptive notum. There are two possibilities for the role of Dpp signaling in pnr and ush induction. The ®rst one is that Dpp is a main upstream regulator for pnr and ush, and Dpp signaling activity in the presumptive notum re¯ects the expression domains of these genes. Alternatively, other factor(s) (independent of Dpp signaling) may specify the pnr and ush expression domains and Dpp participates only in a permissive role in the expression of these genes. To investigate these possibilities, we examined whether ectopic Dpp signaling can ectopically induce pnr and ush in the presumptive notum. Overexpression of Tkv* by tsh-Gal4 driver can ectopically induce pnr and ush in the ventral region of the presumptive notum (Fig. 7A,B) . Mosaic expression of Tkv* also ectopically induced pnr, in a cellautonomous manner (Fig. 7C) . These results support the ®rst possibility, that Dpp plays an essential role in determining the expression domain of pnr and ush in the presumptive notum. However, cells in the central region of the presumptive notum do not seem to have the competence to express pnr and ush in response to ectopic Dpp signals (Fig. 7A±C , indicated by arrowheads). Hence, other factor(s) also partially de®ne the pnr and ush expression domain, independently of Dpp signaling.
dpp expression is restricted dorsally in the notum region of the wing disc
Experiments of overexpression of Tkv* revealed that Dpp partially de®nes the expression domains of pnr and ush in the presumptive notum. However, in the late third larval stage, dpp expression seems to be orthogonal to the pnr, ush and wg expression domains. One possible explanation is that the dpp expression domain is dramatically changed through wing disc development. To investigate this possibility, we analyzed the dpp expression monitored by dpp P10638 throughout wing disc development. dpp expression in the presumptive notum is slightly changed, however, no dramatic change was observed throughout disc development (Fig. 8) . In the early stage, cells located at the A/P border of the dorsal half of the presumptive notum predominantly expressed dpp. pnr and ush appeared to be induced by the Dpp secreted from this early dpp expression domain (Fig. 8A) . Fig. 6 . Alteration of pnr expression in Dpp signaling mutants. pnr expression in the wild-type (A), put-ts (B), tkv a12 mutant clones (C±F). The put-ts disc retains pnr expression similar to that of the wild-type (B). pnr expression (D, green in (F)) is completely abolished in a cell autonomous manner in tkv a12 clones (C, absence of red in (F)) located far from the Dpp source (indicated by arrows). However, a clone located near the Dpp source (indicated by an arrowhead in (D±F)) still retains some levels of pnr expression. This result suggests that the tkv a12 mutant clones still receive low levels Dpp signaling activity. This posterior clone ectopically expresses wg expression (E) suggesting that ush expression is lost in this clone. pnr expression is detected with a DIG-labeled antisense RNA probe (A,B), and by GFP expression of UAS-gfp pnr md237 (D,F). wg expression is monitored with an anti-Wg antibody. tkv a12 clones were induced at 50 h BPF. All discs are shown with anterior left and dorsal up. Bars: 50 mm.
Discussion

The mechanism for inducing wg in the presumptive notum
In this paper, we analyzed the roles of two secreted factors, Dpp and Wg, and two transcription factors, Pnr and Ush, in the regulation of wg expression in the presumptive notum. A hierarchy of these genes during notum development is summarized in Fig. 9 . dpp is initially induced at the dorsal region of the A/P compartment boundary by Hh signaling (Basler and Struhl, 1994; Tabata and Kornberg, 1994) (Fig. 9A) . Dpp signaling induces two target genes, pnr and ush. Analyses of pnr expression in put-ts and tkv a12 cells suggest that different thresholds are set for the induction of these genes, low levels for pnr and high levels for ush (Fig. 9B) . wg is induced by Pnr where ush is not expressed (Fig. 9B) . Simultaneously, the Pnr±Ush complex represses wg expression at the dorsal-most region of the presumptive notum (Fig. 9B) . In the later stage, the wg expression domain expands ventrally from the pnr expressing region and wg starts to be expressed in the non-pnr-expressing cells. During this process, Wg signaling plays a crucial role and this separation did not occur in the Wg signaling mutants (Fig. 4A,C) . As presented here and by GarciaGarcia et al. (1999) , the Pnr±Ush complex acts as a repressor for the induction of wg and DC enhancer-lacZ expression (DC enhancer is an enhancer of the achaete±scute proneural gene complex that activates gene expression in the dorsocentral area). It is interesting that Ush does not simply inhibit Pnr function but switches the activator function of Pnr to a repressor function. Based on the result that Fig. 7 . Ectopic induction of pnr and ush by ectopic Dpp signaling. ush expression (A) and pnr expression (B) in UAS-tkv*/tsh-Gal4 discs. pnr and ush expression is ectopically induced by Tkv*. Mosaic expression of Tkv* by the Ubx promoter (indicated by the absence of red in (C)) also ectopically induces pnr. However, in the central region of the notum, Dpp signaling can not induce ush or pnr (indicated by arrowheads in (A±C)). ush expression is detected with a DIG-labeled antisense RNA probe. pnr expression is monitored with a DIG-labeled antisense RNA probe (B), and by GFP expression of UAS-gfp pnr md237 (C). All discs are shown with anterior left and dorsal up. Bars: 50 mm. Fig. 8 . dpp expression in the wing disc throughout development. dpp expression was monitored by an enhancer trap line, dpp P10638 . Wing discs in the early (A), mid (B) and late (C) third larval stage were stained. dpp expression in the A/P border of the wing disc seems to be discontinuous throughout disc development. dpp expression in the notal region is predominantly observed in the dorsal half of the presumptive notum at the early third instar larval stage (A, indicated with an arrow). Ventral patch of the additional dpp expression domain is evident in mid to late third larval stage (B,C, indicated with arrowheads). All discs are shown with anterior left and dorsal up. Bars: 50 mm.
the extra doses of Pnr cannot revert the repressor activity of Pnr±Ush, Garcia-Garcia et al. (1999) proposed that the activator function of Pnr and the repressor function of the Pnr± Ush complex do not simply compete with each other on the notal wg enhancer element. However, it also seems to be possible that Pnr and the Pnr±Ush complex compete for the binding site at the notal wg enhancer, but the ability of Pnr± Ush complex to bind this site may be greater than that of Pnr. It is also worth noting that FOG-1, a mammalian homologue of Ush, represses the transactivation of a -globin and EKLF promoter by GATA-1, but enhances the transactivation of NF-E2 p45 promoter by GATA-1 in a culture cell system (Fox et al., 1999) . It has been previously reported that dorsocentral (DC) bristles are ectopically formed but postvertical bristles on the head are missing in a loss-offunction allelic combination for ush or in pnr D1 heterozygous¯ies (Ramain et al., 1993; Cubadda et al., 1997) . These observations suggest that the Pnr±Ush complex acts as a repressor for the DC enhancer, but acts as an activator for the enhancer of postvertical bristles. Only a cis-regulatory element of the DC enhancer has been analyzed at the nucleotide level. Additional studies of the molecular analyses of the cis-regulatory elements of both wg and DC or other enhancers of the achaete±scute complex seem to be necessary in order to reveal the functions of Pnr and Ush.
Establishment of two-dimensional coordinates in the notum
Generally, at least two different coordinate axes are necessary for positional speci®cation in a two-dimensional ®eld. Morphogen gradients of Dpp and Wg provide this axial information during Drosophila imaginal disc development Jiang and Struhl, 1996; Lecuit et al., 1996; Nellen et al., 1996; Penton and Hoffmann, 1996; Zecca et al., 1996; Lecuit and Cohen, 1997; Neumann and Cohen, 1997) . In both wing and leg discs, Dpp is induced at the A/P compartment boundary by Hh signaling (Basler and Struhl, 1994; Tabata and Kornberg, 1994) . In the leg disc, wg is also induced by Hh signaling. Mutual repression between Dpp and Wg signaling separates each expression territory, localizing dpp in the dorsal and wg in the ventral regions abutting the A/P border (a compartment-independent manner) Jiang and Struhl, 1996; Penton and Hoffmann, 1996) . In contrast, wg is induced by Notch signaling only at the D/V compartment boundary in the wing pouch (a compartment-dependent manner) (Couso et al., 1995; Diaz-Benjumea and Cohen, 1995; Rulifson and Blair, 1995; de Celis et al., 1996; ) . Then, secreted Dpp and Wg proteins provide positional information along the A/P and D/V axes, respectively, to establish Cartesian-like coordinates in the pouch ®eld. Relative positions of dpp and wg expression domains in the notum is more similar to that in the wing pouch (in both cases, their expression domains are orthogonal). However, a D/V compartment boundary does not exist in the notum (Garcia-Bellido et al., 1973; GarciaBellido, 1975) . The results described here reveal that another compartment-independent mechanism acts to pattern the presumptive notum. Namely, the D/V axis, provided by Pnr, Ush, and Wg, is initially established by the Dpp gradient, which mainly contributes the positional information along the A/P axis. One of the key issues of this patterning model is that Dpp signaling seems to act preferentially along the A/P axis of the notum. This is because two target genes, pnr and ush, are induced farther from the Dpp source along the A/P axis than along the D/V axis. One possible explanation for this phenomenon is that the diffusion of Dpp protein may be positively regulated along the A/ P axis. However, such asymmetric induction is not observed on the dad induction (unpublished data); dad is one of the Dpp signaling targets in the wing disc (Tsuneizumi et al., 1997) . This suggests that diffusion of Dpp protein is not directionally regulated in the notum region. An alternative explanation would be that an effective range of Dpp morphogen gradient is established in a relatively short range. Cells that respond to Dpp would proliferate or migrate preferentially along the A/P axis. pnr mRNA is detected mainly in posterior±dorsal region of the presumptive notum (Fig. 3B) . GFP expression of UAS-gfp pnr md237 is seen along the entire dorsal side of the presumptive notum (Fig. 2D) . This difference between the staining pattern of pnr mRNA and GFP expression of UAS-gfp pnr md237 in the late third larval stage seems to be caused by a long half-life of gal4 and/or gfp products, suggesting that cells that once have expressed pnr mRNA proliferate preferentially along the A/P axis. However, it seems to be dif®cult to explain the determination of pnr and ush expression domains only by the Dpp morphogen gradient. The existence of Tkv*-insensitive cells for inducing pnr and ush indicates that some regional subdivision may occur independently of Dpp signaling. Discontinuous expression of dpp in the A/P border of the notum also suggests the existence of a Dppindependent subdivision. D/V subdivision of the presumptive notum seems to be achieved by several parallel mechanisms, including Dpp signaling.
Similarity between formations of dorsal structure in embryogenesis and in metamorphosis
Because Drosophila is a holometabolous insect, it should destroy larval tissues and replace them with a different population of cells to form the adult structure during the pupal stage. Thus, formation of epidermal structure should occur reiteratively during embryogenesis and metamorphosis. Patterning of larval epidermal structure takes place during embryogenesis; however, patterning of adult structure is mainly performed in larval stage imaginal discs. In this work, we demonstrate that the Dpp morphogen gradient regulates pnr and ush expression to pattern the presumptive notum, which forms the dorsal structure of the adult, in the wing imaginal disc. It has been previously reported that pnr and ush are necessary for the formation of amnioserosa (Winick et al., 1993; Frank and Rushlow, 1996) , the dorsal structure of the embryo, and that both pnr and ush expressions are also positively regulated by Dpp in a concentration-dependent manner during embryogenesis (Jazwinska et al., 1999) . Furthermore, dorsal closure during embryogenesis and thorax closure in metamorphosis is also analogous, because both processes are regulated by the same signaling cascade, JNK signaling (Agnes et al., 1999; Zeitlinger and Bohmann, 1999) . These similarities between embryogenesis and metamorphosis presumably re¯ect the evolutionary history of the development in holometabolous insect.
Experimental procedures
Fly stocks and crosses
Flies were raised at 258C except for the put 135 /put P1 and wg 1±12 homozygous¯ies. The mutants and transgenic¯ies used in this work are as follows. pnr VX1 , pnr VX6 , pnr D1 , Df (3R)sbd45, pnr md237 as pnr mutants (Ramain et al., 1993) . pnr md237¯i es were also used as pnr-Gal4 driver . , and wg 1±12 as Wg signaling mutants (van den Heuvel et al., 1993; Theisen et al., 1994; Hamada et al., 1999) . put 135 , put P1 , tkv a12 , as Dpp signaling mutants (Nellen et al., 1994; Penton et al., 1994; Letsou et al., 1995; Theisen et al., 1996) . UAS-gfp T10 , UAS-tkv*, UASush, UAS-dad for overexpression of these genes Tsuneizumi et al., 1997; Tomoyasu et al., 1998) , and Ubx..lacZ..tkv* for mosaic expression (Lecuit et al., 1996) . Wg 17en40 as a reporter of wg expression, and dpp P10638 as a reporter of dpp expression (Twombly et al., 1996) . tsh-Gal4 as a Gal4 driver in tsh expression domain (Shiga et al., 1996) . act5c . stop . lacZ and UAS-Flp for the lineage tagging method (Weigmann and Cohen, 1999 (Letsou et al., 1995; Theisen et al., 1996; Tomoyasu et al., 1998) . wg 1±12 homozygous¯ies are permissive at 178C and non-permissive at 258C (van den Heuvel et al., 1993 /FRT40 arm-lacZ; pnr md37 UAS-GFP T10 /1. Larvae of these genotypes were heat shocked at 358C for 1 h to induce mitotic recombination. Two hours before ®xation, the resulting late third instar larvae were subjected to a second heat shock (1 h at 378C) to induce GFP expression. Clones of genetically marked cells expressing Tkv* were induced in the larvae of the genotype of yw hsFlp; Ubx .. lacZ .. tkv*/1, pnr md237 UAS-gfp T10 /1.
Imaginal disc staining
In situ hybridization and antibody staining were performed using standard procedures. Antibodies used in this work and their dilutions are as follows. anti-b -galactosidase rabbit polyclonal antibody (1:1000; Cappel); antirabbit IgG LRSC-conjugated (1:200; Jackson); anti-mouse IgG FITC-conjugated (1: 200; Jackson); anti-mouse IgG Cy5-conjugated (1:100; Jackson); anti-Wg antibodies (4D4) (1:50). The anti-Wg antibody developed by S. Cohen was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa.
